Abstract-In this paper we proposed novel silicon laser design based on the dispersion engineered photonic crystals. With the unique self-collimation property, we design an optical cavity with a Q factor of 2000. The strong mode confinement in the low index active material offers an opportunity to realize a lasing mechanism. To investigate the lasing dynamics we introduce the rate equations of atomic system into the electromagnetic polarization. With these auxiliary differential equations we solve the time evolutions of the electromagnetic waves and atomic populations by using the FDTD method.
Silicon, the leading material in microelectronics during the last four decades, also promises to be the key material in the future. Recent activities have focused on the achieving active functionalities, mostly light amplification and generation. However, due to the fundamental limitation related to the indirect bandgap of the bulk Si, the development of silicon gain and laser becomes one of most challenging goal in the silicon photonics and optoelectronics. Many different approaches have been taken to achieve this goal. Recently stimulated Raman scattering effect has been used to demonstrate the light amplification and lasing in the silicon both in pulse and continuous-wave operation. [1, 2] In the presented work, we attempt to design a novel silicon laser.
To this end, we will design a novel optical cavity based on the dispersion engineered photonic crystals (PhCs). To observe the lasing dynamics, we will incorporate the rate equations of a four level atomic system into the device to simulate the gain and absorption of the active material. By solving the Maxwell's equations with these auxiliary differential equations with the Finite-difference Time-domain (FDTD) method, we will track the time evolutions of the electromagnetic waves and atomic populations.
DISPERSION BASED PHOTONIC CRYSTAL CAVITY
The light propagation in a PhC is most appropriately interpreted through a dispersion diagram, which characterizes the relationship between the frequency of the wave, ω, and its associated wavevector, k. Dispersion surfaces provide the spatial variation of the spectral properties of a certain band within the photonic crystal structure. Electromagnetic wave vectors propagate at directions normal to the dispersion surface as shown in Fig. 1 , which stems from the relation v g = ∇ k ω(k). The equil frequency contour (EFC) can lead to beam divergence or convergence as shown in the figure. The ability to shape the EFCs, and thereby engineer the dispersion properties of the PhC, opens up a new paradigm for the design of optical devices. [3] [4] [5] For self-collimation, we desire a flat EFC, in which case the wave is only allowed to propagate along those directions normal to the sides of the straight curvatures. As such, it is possible to vary the incident wavevector over a wide range of angles and yet maintain a narrow range of propagating angles within the PhC.
Consider silicon photonic crystals perforated by a square lattice with holes back-filled by the gain medium, i.e., Er-doped glasses, as shown in the inset of Fig. 2(a) . The hole has radius of 0.3a, where a is the lattice constant. The silicon and glass have refractive indices of 3.5 and 1.5, respectively. The dispersion surface of first band diagram is plotted in Fig. 1(a) . By carefully selecting the frequency, one can obtain a flat curvature within certain angular range at specified frequency, i.e., 0.18c/a, as depicted in Fig. 1(b) , where the blue curvature is the dispersion contour in the free space with frequency of 0.18a. Such flatness of the curvature offers self-collimation along ΓM direction within a wide incident angular range.
Self-collimation effect has been widely used in the applications of optical routing, sensors, variable beam splitters, self collimated optical emitters to enhance the emission from a light emitting diode. In the presented paper we propose a novel design of silicon laser based on the self-collimation phenomena. silicon square slab perforated by a N × N array of square lattice. Based on the dispersion property that we discussed above the electromagnetic waves near the band edge of first band propagate along ΓM direction. With the assistance of the clear four edges of silicon slab as mirrors, a cavity can be formed along the optical path, illustrated as arrow loop. At one edge a conventional waveguide is used to coupling into or out from the cavity. The system activated by the optical pumping. The gap between the cavity and waveguide is critical design parameter. We simulate the proposed device by using FDTD method. 7 × 7 array is initially simulated; the highest resonant mode is shown in Fig. 2(b) . As we can observed that most optical mode are confined within the low index materials, i.e., Er-doped glass. This unique property will benefit the lasing mechanism and lower the threshold optical pumping. The quality factor is measured in this case as 2000. In addition, we found as the number of array increases the resonant frequency shift to high end, and the Q-factor will increase accordingly, which offer us another degree of freedom to tune the Q factor.
RATE EQUATIONS FOR A FOUR-LEVEL ATOMIC SYSTEM
To simulate a laser dynamics in an optical cavity associated with a gain or active material, a conventional rate equation model [6] can be employed for the simulations of the nonlinearity and dispersion properties, i.e., a uniform glass host containing a dispersion of erbium ions. Coupled with Maxwell's equations, we are able to model the time evolution of the atomic energy level populations as well as the optical signal propagation, amplification and absorption in the devices. In this paper we proposed a simplified realistic four-level atomic system as sketched in Fig. 3 , where the principal transitions induced by the presence of the pump and signal beams are included. The absorption of pump radiation at 980 nm wavelength promotes the electrons from level 0 to level 3. After decaying to level 2, these electrons provide the signal gain at 1535 nm via the transition to level 1. Here we describe the time domain population dynamics by using a four-level rate equation formulism:
where Ni is the population. The ground state population N 0 is assumed to be very large compared to the populations of the high energy levels and is basically constant with time. τ ij are the lifetime associated with the transitions from energy E i and E j , τ j are the lifetime from energy E i to all low levels, and w ij are the signal simulated transitions probabilities from energy E i and E j . ω a is resonant frequency of the materials related to the atomic transition energy levels through ω a = (E 1 − E 2 ) / . Based on classical electron oscillator model, the net macroscopic polarization P(t) induced with the presence of applied electric field E(t) for an isotropic medium can be described by the following equations,
where ∆N (t) is instantaneous population difference between energy levels 1 and 2, which is given by ∆N (t) = N 1 (t) − N 2 (t). κ = 3F osc e 2 /m is a constant and ∆ω a is the total energy decay which describes the transition linewidth. Then the effects of the nonlinear and active medium on the propagation of electromagnetic waves are incorporated through the polarization response of the medium. Coupled with the Maxwell's equation in our optical devices, we are able to simulate the proposed photonic crystal laser cavity.
DYNAMICS OF ELECTROMAGNETIC WAVE IN LASER SYSTEM
Based on the theory we developed, in this section we will introduce Finite-difference Time-domain (FDTD) to solve the coupled equations for the application of lasing dynamics.
As is well known, the FDTD method has become one of the more widely used numerical techniques for solving electromagnetic boundary value problems. In short, the FDTD method directly discretize Maxwell's equations in both time and space by using central difference technique, and iteratively updates the electrical and magnetic field components at all points in the computational space using the leapfrog fashion. In our simulation of the lasing action, we discretize the auxiliary differential equations as well, i.e., rate equations that govern the populations, in both time and space for the time marching.
As shown in the schematic view of proposed novel silicon laser in Fig. 2 , the holes are back filled with an active material, i.e., highly doped Er glass. The medium is uniformly pumped by another 980 nm source. The lifetime are given by τ 1 = 1e − 9s, τ 2 = 1.35e − 7s, τ 21 = 1.35e − 7s, τ 3 = 1e − 10s, τ 31 = 1e − 6s, and τ 32 = 0.99e − 10s. The transition frequency associated with the energy levels E 2 and E 1 was chosen as 200 THz and line width was taken to be 6 THz. The radiative decay rate for this from E 2 and E 1 transition was 8 × 10 8 /s. The pump rate into level E 3 was chosen 2 × 10 29 m −3 .
In the FDTD simulation, a total time of 15 ps is simulated. The evolution of electromagnetic waves starts from an initial small noise over the photonic crystal cavity. A detector is placed in the waveguide to monitor the lasing dynamics, and the total field in the output straight waveguide is illustrated in Fig. 4(a) . In the figure we can obviously lasing performance. For the clarity, we zoom the transient plot near 12ps as shown in Fig. 4(b) , which indicates nearly single lasing model. In addition, a snap shot of total electric fields at time of 15 ps is plotted in Fig. 4(c) , where the high intensity of electric field can be observed in the cavity area, particularly in the low index materials and steady results are outputted from both ends of straight waveguide. 
SUMMARY
In this paper we proposed a novel silicon laser design based on the dispersion engineering of photonic crystals. By carefully designing the photonic crystals, we took advantages of the self-collimation property to suppress the optical cavity modes compared to a bulky square cavity. In addition to this, by changing the number of array of holes, we can tune the Q factor. To simulate the lasing dynamics in such optical cavity, we incorporated the rate equations of a four-level atomic system into Maxwell's with the assistance of the induced electric polarization contributed from the response of a collection of atoms. Finally, we numerically implement time evolutions of electromagnetic waves and atomic populations by using FDTD method to the application of our engineered dispersion based photonic crystal laser.
